Mutations in the ribosomal protein S19 gene (RPS19) have been found in 25% of patients with Diamond-Blackfan anemia, a rare syndrome of congenital bone marrow failure characterized by erythroblastopenia and various malformations. Mechanistic understanding of the role of RPS19 in normal erythropoiesis and in the Diamond-Blackfan anemia defect is still poor. However, defective ribosome biogenesis and, in particular, impaired 18S ribosomal RNA maturation have been documented in association with various identified RPS19 mutations. Recently, new genes, all encoding ribosomal proteins, have been found to be mutated in Diamond-Blackfan anemia, adding further support to the concept that ribosome biogenesis plays an important role in regulating erythropoiesis. We previously showed variability in the levels of expression and subcellular localization of a subset of RPS19 mutant proteins.
Introduction
Diamond Blackfan anemia (DBA) 1,2 is a rare congenital erythroblastopenia associated with a heterogeneous phenotype. DBA is usually diagnosed early in infancy on the basis of anemia and the absence or marked reduction of erythroid precursors in an otherwise normocellular bone marrow. Around 40% of DBA patients exhibit various malformations, mostly in the cephalic area. 3 The ribosomal protein S19 gene (RPS19), encoding a ribosomal protein (S19), which is located in the beak of the small ribosomal subunit 40S of the ribosome, 4 was the first gene identified to be involved in DBA. 5 Mutations in RPS24 and RPS17 genes have also been described in a few DBA patients. 6, 7 Recently, mutations in additional ribosomal protein encoding genes have been identified in association with DBA. 8, 9 Taken together these findings show that mutations in ribosomal genes account for the DBA phenotype in at least 46% of patients. All individuals are heterozygous suggesting that homozygosity is likely to be lethal. 5, [10] [11] [12] A hot spot of RPS19 gene mutations is located between codon 52 and codon 62. 10 No correlation between the genotype and the clinical presentation has been established. The molecular mechanisms by which RPS19 mutations cause blockade of erythropoiesis have yet to be defined. Unfortunately, animal models have thus far failed to provide significant insights into this problem. Homozygous knock-out RPS19 -/-mice died in utero while heterozygote RPS19 +/-mice did not exhibit any hematologic or other abnormalities. 13 However, knock-down of RPS19 in human bone marrow or cord blood CD34 + cells using siRNA-lentivirus reproduced the blockade in erythroid cell proliferation and differentiation observed in DBA 14 implying that RPS19 plays a functional role in regulating erythropoiesis. Importantly, some recent studies characterized DBA as a disease of ribosome biogenesis and, specifically, of maturation of the pre40S subunit. [15] [16] [17] [18] We previously showed that both endogenous and green fluorescence protein (GFP)-fused RPS19 localize to the nucleoli of Cos-7 fibroblasts. 19 We also reported variability in the levels of expression and subcellular localization of a subset of RPS19 mutant proteins. To better define the mechanistic basis of this variability, in the present study, we examined the expression levels and nucleolar localization of a large number of mutant RPS19 proteins.
Design and Methods

Description of the patients with Diamond-Blackfan anemia carrying RPS19 gene mutations
Thirteen DBA patients from unrelated families from France, Germany and Italy were studied. The RPS19 protein mutations and the clinical data detailing the phenotypes of these patients are shown in Table 1 . The RPS19 gene mutations chosen for the study correspond to the well known variability of mutations identified in the disease. Informed consent to participation in this investigation was obtained from either the patients or their parents. 
DNA cloning
Full length wild-type (WT) human and mutant RPS19 cDNA carrying specific mutations identified in DBA patients were cloned in frame into the pEGFP-C3 mammalian expression vector (BD Biosciences-Clontech Laboratories), which encodes a green fluorescent protein ( Figure 1 ). All the RPS19 constructs, except 24del18 and Ala100stop, were generated by site-directed mutagenesis of the pEGFP-C3-WT RPS19 clone using a QuickChange mutagenesis kit (Stratagene). The two long deletions, 24del18 and Ala100stop, were generated by the splice overlap extension method. Information on various primers used is available on request. All pEGFP-C3 constructs were sequenced with an ABI Big Dye Terminator sequencing kit using an Applied Biosystems 373 DNA sequencer (Perkin Elmer).
Cos-7 cell culture and transfection
Cos-7 cells were cultured and transfected as previously described. 19 Three independent experiments were performed with each mutant GFP-RPS19 and the findings compared with those of cells transfected with GFP-wild type RPS19 and non-transfected cells.
Immunoprecipitation
Cos-7 cells from culture dishes were washed twice with phosphate-buffered saline (PBS) 12 to 18 h after transfection. The lysis buffer was added to the dish.
After 30 min of cell lysis on ice, the cell suspension was centrifuged and then 100 µL of protein G agarose beads were added to the supernatant for 1 h for pre-clearing at 4°C. Following centrifugation, the supernatant was mixed with the agarose beads coupled to 5-10 µg of specific rabbit IgG antibody against ubiquitin (Calbiochem) and incubated overnight at 4°C. After centrifugation and washes, the beads were suspended in 100 µL of 2X SDS-PAGE denaturing buffer and dithiothreitol (DTT). The samples were boiled for 10 min and stored at -80°C until western blot analyses could be performed.
Immunoblotting
Cos-7 cells were immunoblotted as previously described. 19 The membrane with transferred proteins was incubated with an antibody against RPS19 or an antibody against actin (clone C4) (ICN Biomedicals) or an antibody against GFP (Roche) diluted at 1:1000 or an antibody against histone deacetylase 1 (HDAC1) (Santa Cruz Biotech) diluted at 1:500. The antibodies against RPS19 and actin were used at the concentrations previously described. 19 The specific protein band was revealed by secondary antibodies coupled with horseradish peroxidase. 19 A goat anti-rabbit antibody (Vector labs) was diluted 1:1000 for the detection of HDAC1.
Immunofluorescence microscopy
Cos-7 cells, either untransfected or transfected with pEGFP-C3 constructs, were processed as previously described 19 and viewed using an Eclipse E600 inverted microscope (Nikon, Kanagawa, Japan). Images were acquired using CoolSNAP 1.2 software (Roper Scientific, Inc.). We analyzed the distribution of GFP-RPS19 fusion proteins in different subcellular compartments by counting the percentage of cells exhibiting staining in the different compartments: the nucleus, the 
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GFP-24del18 GFP-Trp52Cys GFP-Gly120Ser Figure 1 . Representation of the patients' mutations: the RPS19 protein sequence is shown from the initiation methionine to the last amino acid, the histidine. The N-and C-termini described previously as NoS (nucleolar localization signal) are represented as dark gray boxes, encompassing the first 15 amino acids and the glycine 120 to the asparagine 142, respectively. The hot spot of mutations identified in Diamond-Blackfan anemia from the tryptophan 52 to the arginine 62 is shown as a light gray box. Arrows indicate the missense mutations studied: Trp52Cys, Gly120Ser, and Leu131Pro. The 24del18 mutation deletes amino acids 9 to 14 without any frameshift of the RPS19 protein sequence. InsAG36, InsG238, and 390del2 are responsible for a frameshift beginning with the amino acids, 12, 80 and 130, respectively, resulting in stop codons at amino acids 29, 153, and 151, respectively. All the nonsense mutations, Trp33stop, Try48stop, Arg56stop, Met75stop, Arg94stop, and Ala100stop lead to a premature stop codon and variously truncated RPS19. All the insertion and nonsense mutations suppress the entire C-terminal NoS and the 390Del2 mutation deletes amino acids 131 to 142 in this C-terminal region. 
Proteasome inhibition
The proteasome of Cos-7 cells was inhibited by classic proteasome inhibitors: lactacystin, MG132 (Calbiochem) or bortezomib (Janssen-Cilag, Millennium). Cells were incubated in the DMEM culture medium with lactacystin or MG132 at 10 µmol/L or bortezomib at 2.5 ng/mL for 8 hours and then transfected with various RPS19 constructs. Twelve hours after transfection, cells were collected for immunoblot or immunofluorescence analysis.
Cell fractionation
After treatment of Cos-7 cells with or without bortezomib and transfection with GFP-wild type or mutant RPS19, the cells were treated for 10 min with 100 µg/mL cycloheximide. Cell fractionation was then performed as previously described.
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Results
RPS19 mutations located in the hot spot (codon 52), 24Del18 and Gly120Ser mutants exhibit a slightly decreased to normal levels of expression and normal nucleolar localization of RPS19
The various RPS19 mutations explored in the present study are shown in Figure 1 . As previously described, 19 human WT RPS19 fused to GFP localized to the nucleoli, while GFP alone was found exclusively in the cytoplasm (data not shown). The Trp52Cys hot spot RPS19 mutant exhibited normal nucleolar localization ( Figure  2) . Quantification of the cellular localization of the mutant protein showed nucleolar localization in 66% of transfected cells (Figure 3) . Furthermore, the level of expression of this mutant protein (Figure 4 , Panel A, lane 6) was between 70 to 100% of that of the wild type RPS19 (Figure 4 , Panel A, lane 2). This finding is similar to our previous findings with other hot spot mutations: Arg62Trp, Arg56Gln, and Thr55Met.
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Two other mutations not located in the hot spot, 24Del18, which deletes amino acids 9 to 14 without a frameshift, and the mutation Gly120Ser located in the C-terminal region, also exhibited normal nucleolar localization (Figure 2) . Quantification of the cellular localization of the mutant protein showed nucleolar localization in 62% of transfected cells for 24del18 and in 93% for Gly120Ser (Figure 3) . The expression levels of these two mutant proteins were decreased compared to the expression of wild type protein but not to the same extent, as was the case for some other RPS19 mutants (Figure 4) . GFP-Trp52Cys
β-actin 
Some RPS19 mutations result in dramatically reduced levels of protein expression and abnormal subcellular localization
The Leu131Pro mutant failed to localize to the nucleoli and was present predominantly in the cell cytoplasm ( Figure 2 ). We noted nucleolar localization in less than 1% of transfected cells (Figure 3) . Importantly, western blot analysis showed a dramatic decrease in the level of expression of Leu131Pro mutant RPS19 (Figure 4, Panel A, lanes 4-5) . Altered subcellular localization and a marked decrease in levels of protein expression were also features of nine other premature stop codon mutations that led to the deletion of varying lengths of the C-terminal region of the protein. In six cases, nonsense mutations led to premature termination (Trp33stop, Tyr48stop, Arg56stop, Met75stop, Arg94stop, Ala100stop). In two cases, insertions and in one case, a deletion led to a change in the reading frame resulting in a truncated protein, with altered C-termini. In all these nine cases, there was a significant failure of the mutant proteins to localize to the nucleoli (Figures 2 and 3) , with nucleolar localization ranging from less than 1% in six cases to 7, 10, and 13%, in the other three. Importantly, the levels of expression of these nine mutant proteins were dramatically reduced compared to the expression of wild type protein. No mutant protein could be detected in the western blots for any of these nine mutants (Figure 4) . 
GFPGly27Glu
GFPLeu131Pro The effect of proteasome inhibitors on expression levels and on nucleolar localization of mutant RPS19 proteins
We documented that endogenous RPS19 as well as the wild type and mutant RPS19 proteins fused to GFP were ubiquitinated, a feature of most proteins targeted for proteasomal degradation ( Figure 5A ). We examined the ability of proteasome inhibitors to restore the expression levels of 15 RPS19 mutant proteins (13 identified in the present study and the two other that we had previously reported, 19 Val15Phe and Gly127Glu) ( Table 1 and Figure 1) . A key finding is that two different proteasome inhibitors restored the expression levels of seven of these mutant proteins, which were poorly expressed in Cos7 cells. The expression levels of Val15Phe, Gly127Glu, Leu131Pro and of truncated Arg94stop, Ala100stop, insG238 and 390del2 RPS19 were significantly higher following proteasome inhibition by lactacystin or MG132 ( Figure 5C , data not shown for the 390del2 RPS19). In addition to restoring protein expression levels, the proteasome inhibitors also restored nucleolar localization of these seven mutant proteins ( Figure 5B , data not shown for the 390del2 RPS19). In marked contrast, proteasome inhibition had no effect on either the expression or subcellular localization of truncated insAG36, Trp33stop, Tyr48stop, Arg56stop, and Met75stop RPS19 proteins (data not shown). Thus, proteasome inhibitors are effective in restoring both RPS19 protein expression levels and nucleolar localization as long as the truncated proteins contain more than 80 amino acids, but fail to do so when the mutated RPS19 contains less than 80 amino acids. It should be noted that the wild type RPS19 also undergoes proteasomal degradation but to a much lesser extent than the mutant proteins. This could be a reflection of the physiological degradation of wild type RPS19 in cells in steady state.
Bortezomib also restored RPS19 expression levels and nucleolar localization of all mutant proteins in which we found a beneficial effect with lactacystin and MG132 ( Figure 6A and B) . Following cell fractionation, we analyzed the subcellular partitioning (cytoplasm and nucleoplasm) of GFP-WT and mutant RPS19 in the presence and absence of bortezomib. As expected, in the absence of bortezomib the GFP-RPS19 mutants localized to the cytoplasmic fraction of the cells, while wild type RPS19 localized to the cell nucleoplasm ( Figure 6C ). Strikingly, in the presence of bortezomib the mutant RPS19 localized to the cell nucleoplasm ( Figure 6C ). This finding reinforces the major role played by proteasomal degradation in determining the fate of mutant RPS19 proteins.
Discussion
The mechanisms underlying erythroblastopenia and morphogenetic abnormalities in DBA are still to be fully defined. However, some significant new insights have recently been gained. DBA has been shown to be a member of bone marrow failure syndromes, such as cartilage hair hypoplasia, [21] [22] [23] [24] dyskeratosis congenita, 25, 26 and Shwachman-Diamond syndrome, 17, [27] [28] [29] in which ribosome biogenesis or RNA processing is impaired. 15, 17, 18 In the present study, we identified two types of mutations in the RPS19 gene, leading to two different phenotypes in vitro: (i) mutations associated with slightly decreased to normal levels of expression and a normal nucleolar localization and (ii) mutations which exhibit a dramatic decrease in RPS19 expression level and a significant alteration in nucleolar localization. The data presented here are in very good agreement with those of a recently published study of a large number of RPS19 missense mutants expressed in HEK293 cells. 30 In addition, we show that RPS19 proteins with premature stop codons are degraded by the proteasome, which indicates that nonsense-mediated decay is not the only mechanism operational in these mutants. The fact that proteasome inhibitors fail to stabilize RPS19 mutants with fewer than 80 amino acids may be due to major instability of these mutants, or because nonsense-mediated decay is more efficient for these short forms.
Recent elucidation of the crystal structure of the homolog of RPS19 in archeaon Pyrococcus abyssi 31 provides an explanation of these functional data. The mutations associated with a slight decrease in RPS19 expression levels and normal nucleolar localization are all accessible residues clustered within or around alpha helix 3 located in the central position in the structure and thereby impairing the function of the protein without altering its overall folding (class II mutations). 31 In contrast, mutations that exhibit a dramatic decrease in RPS19 expression levels alter structural residues affecting the folding of the protein and hence its stability (class I mutations). 31 Thus, our functional data show a remarkable correlation with RPS19 structure.
Another major finding of the present study is that impaired nucleolar localization and decreased expression of RPS19 are tightly linked. We suggest that these RPS19 mutants fail to localize into the nucleoli either because the mutation impairs their ability to translocate to the nucleoli and hence they are degraded or because the mutant protein is unstable and rapidly degraded by the proteasome. While we are unable to distinguish the relative contributions of these two mechanisms, our findings with proteasome inhibitors favor the second hypothesis since both RPS19 expression level and nucleolar localization are rapidly restored by proteasome inhibitors. These results imply that proteolysis of the mutant protein is a hallmark of these identified mutations. We previously described two regions involved in RPS19 nucleolar localization, one in the first 15 amino acids and the second one encompassing the Gly120 to the Asn 142 in the C-termini. 19 In the light of the data presented here, it is rather likely that deletion of either one of these domains induces protein instability, therefore hampering accumulation in the nucleolus.
The proteasome is predominantly localized in the cytoplasm but is also present in the nucleus. Recently, Lam et al. 32 showed proteasomal degradation of normal ribosomal proteins in the nucleus. We could thus hypothesize that RPS19 mutants can be effectively translocated to the nucleolus and then degraded in the nucleoplasm. Further experiments using mass-spectrometry would be needed to define where exactly the proteasomal degradation of RPS19 mutants occurs in cells. Using mass-spectrometry-based organellar proteomics and stable isotope labeling, in yeast and HeLa cells, RPS19 was one of the first nucleolar proteins whose quantitative changes in response to metabolic inhibitors, including MG132, were analyzed. 32,33 RPS19 decreases two-fold in the nucleoli after actinomycin D treatment and increases two-fold in the nucleoli following MG132 treatment. It was suggested that there may be "a novel regulatory link between ribosome biogenesis and protein degradation pathways, acting to balance rates of protein synthesis and breakdown". 33 The understanding of the mechanisms that regulate the trafficking of RPS19 in and out of the nucleolus and the role of this protein in the regulation of cell proliferation and differentiation may provide important clues for understanding the pathophysiology of DBA.
The fact that protein levels of some of the mutants can be restored by proteasome inhibitors raises the attractive possibility that these mutant proteins may still be functional. Angelini et al. 30 did not find any of the RPS19 mutants that they studied in association with cytoplasmic ribosomes, even after proteasome inhibition. However, this experiment may be difficult to interpret since inhibition of the proteasome alters ribosome biogenesis by itself, 34 which may prevent efficient incorporation of the mutants into pre-ribosomes. In contrast, several class I RPS19 mutants with mutations equivalent to V15F and A62S were found to be incorporated into mature ribosomes and to partially complement shutdown of endogenous RPS19 expression in yeast. 18, 31 Although these mutations may have a weaker impact on yeast RPS19 when compared to the human protein, these results support the hypothesis that stabilized class I mutants could be functional.
